OU-HET 666/2010 



o 

(N 

a 
o 

(N 
Oh 



in 






TeV-scale seesaw from a multi-Higgs model 

Naoyuki Haba and Masaki Hirotsu 

Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan 

Abstract 



We suggest new simple model of generating tiny neutrino masses through 
a TeV-scale seesaw mechanism without requiring tiny Yukawa couplings. 
^ This model is a simple extension of the standard model by introducing 

extra one Higgs singlet, and one Higgs doublet with a tiny vacuum expec- 
"^ tation value. Experimental constraints, electroweak precision data and 

^ no large flavor changing neutral currents, are satisfied since the extra 

r^ doublet only has a Yukawa interaction with lepton doublets and right- 

handed neutrinos, and their masses are heavy of order a TeV-scale. Since 
active light neutrinos are Majorana particles, this model predicts a neu- 
O trinoless double beta decay. 



1 Introduction 

The recent neutrino oscillation experiments gradually reveal a structure of lepton sector [T],|2]. 
However, from the theoretical point of view, smallness of neutrino mass is still a mystery and 
it is one of the most important clues to find new physics beyond the standard model (SM). 
Seesaw mechanism naturally realizes tiny masses of active neutrinos through heavy particles 
coupled with left-handed neutrinos. In usual type I seesaw[3], tiny neutrino masses of order 
0.1 eV implies an existence of right-handed neutrinos with super-heavy Majorana masses, 
which are almost decoupled in the low-energy effective theory, and then few observations are 
expected in collider experiments. Some people consider a possibility of reduction of seesaw 
scale to TeV, where effects of TeV-scale right-handed neutrinos might be observed in collider 
experiments such as LHC and ILCjU [5]. However, they must introduce a fine-tuning in order 
to realize both tiny neutrino mass and detection of the evidence of right-handed neutrinos 
from a mixing with the SM particles. 

How about considering a possibility that smallness of the neutrino masses comparing to 
those of quarks and charged leptons is originating from an extra Higgs doublet with a tiny 
vacuum expectation value (VEV) of order 0.1 eV. It is an idea that neutrino masses are much 
smaller than other fermions since the origin of them comes from different VEV of different 
Higgs doublet, and where tiny neutrino Yukawa couplings are not required. This kind of model 
has been considered in Dirac neutrino case [HI [71 18]. 

In this paper, we would like to propose a simple model for Majorana neutrino case, which 
is a renormalizable model with minimal extension of the SM which appears entirely below 
the TeV-scale. A similar setup was proposed firstly in Ref.[S], where a global f/(l) lepton 
number symmetry is violated explicitly. Tiny Majorana neutrino masses are obtained through 
a TeV-scale type I seesaw mechanism without requiring tiny Yukawa couplings. This model 
contains extra one Higgs singlet, and one Higgs doublet with a tiny VEV. As for extending a 
Higgs sector, there are constraints in general, which are consistency of electroweak precision 
dataF] and absence of large flavor changing neutral currents (FCNCs) [TU] . In our model, both 
two constraints are satisfied since the extra doublet only has a Yukawa interaction with lepton 
doublets and right-handed neutrinoqj and their masses are heavy enough to suppress FCNCs 
although its VEV is of order 0.1 eV. The extra Higgs doublet yields a neutral scalar and a 
neutral pseudo-scalar, and a charged Higgs particles, which can provide collider signatures. 
This charged Higgs can contribute to the lepton flavor violating processes. The extra singlet 
produces TeV-scale Majorana masses of right-handed neutrinos, and yields a neutral scalar and 
a neutral pseudo-scalar with a lepton number. Other phenomenology will be also represented 



* It is pointed out that the second Higgs doublet heavier than SM-like Higgs can potentially make the 
precision electroweak data be consistent jllj. 

'^ This is a kind of a "leptonic Higgs" which could explain PAMERA and ATIC results [T2]. 



such as the charged Higgs decay processes. Notice that the decay of the charged Higgs to 
quarks and charged leptons are strongly suppressed due to absence of direct interactions 
among them, which is one of different points from usual two Higgs double models. Since 
active light neutrinos are Majorana particles, this model predicts a neutrinoless double beta 
decay. 

This paper is organized as follows. In section 2, we show a setup of this model, and analyze 
its vacuum and mass spectra. In section 3, we discuss some phenomenology's. Finally, we 
summarize our conclusions. 

2 A Model 

2.1 Lagrangian and vacuum 

In our model, we introduce one doublets Higgs H^ and one singlet Higgs S, which has a 
lepton number and couples with right-handed neutrinos, in addition to the SM. The SM Higgs 
doublet H and new Higgs double H^ are denoted as 

We introduce Zs-symmetry, whose charges (and also lepton number) are shown as the following 
table. 



fields 


Zs-charge 


lepton number 


SM Higgs doublet, H 


1 





new Higgs doublet, H^, which couples with A^ 


u' 





new Higgs singlet, S, which has a lepton number 


u 


-2 


Right-handed neutrinos, A^ 


u 


1 


Others 


1 


1: leptons, 0: quarks 



Under the discrete symmetry, Yukawa interactions are given by 

Cyuka^a = v'^QlHUr + v^QlEDr + y'lHER + y^LH.N + Kj"" SN-N + h.c. (2.2) 

where H = ia2H*. We omit a generation index here. 

Through the interactions of y^LH^N + \y^ SN'^N with VEVs of H^ and S as {H^) <^ 

(H) « {S), 

{S) ~ 1 TeV, {H) ~ 100 GeV, {H^) ~ lO-^-^ MeV, (2.3) 



neutrino mass is generated as 

m^vlvi^ ~ i^^vIvl- (2.4) 

This is so-called type-I seesaw mechanism in a TeV-scale, where coefficients if and y^ are 
assumed to be of order one. Notice that the suitable scale of tiny neutrino mass of 0(0.1 ) eV 
is obtained. 

As for Higgs potential, it is given by 

V = m'^\H\^ + ml\H^\^ - M^\S\^ - ml^WH^ - XS^ - fiSWH^ 

+Xs\S\^ + Xh\S\^\H\^ + XhAS\^\H,\^ + h.c. (2.5) 

It should be noted that interactions, such as {WH^f, WHy\H\^, WH^\H^\^, S"^, S'^\H\^, 
S'^\H^\^, etc, are forbidden by Zs-symmetry. The lepton number symmetry ^'^(1)^, it is softly 
broken by both A and /i terms. Here we neglect mass term of S"^ (< 0{1) TeV), for simplicity, 
since the following analyses do not change as long as we do not consider larger than 0{1) TeV- 
mass of S*^ nor CP violation in the Higgs sector. The mass term of m\2H'^Hy, which softly 
breaks Zs-symmetry, is introduced to avoid do main- wall problem. Here \Tn\2\ is assumed 
to be smaller than |yu(>S')| (it means m^2 — 10*^'^ GeV in the following analyses) n and this 
smallness (comparing to the weak scale) against radiative corrections is guaranteed by the 
softly breaking Zs-symmetry. Other soft breaking Za-symmetry terms, such as /i'S'|if p, are 
dropped, for simplicity, since the following analyses are not changed as long as |/i'(5')| < \m?\. 
By denoting VEVs aqj 

{S) = s, {H)=(^\, {H^)=(^A, (2.6) 



(2.7) 



^ ^ 

stationary conditions 

dV _ dy _r. dV 

ds '' dh ' dhy 
induce following equations, 

-2M2s - 6As2 - 2iihK + 4Ass3 + 2XHh'^s + 2XhMs = 0, (2.8) 

2m'^h - 2fisK + 2Ai/i3 + 2X3hhl + 2Xihhl + 2XHhs'^ - 2ml2K = 0, (2.9) 

2mlK - "ifish + 2X2hl + 2X^h'^K + ^X^K^K + ^Xh^Ks^ - 2ml2h = 0, (2.10) 



^ To obtain the desirable VEV-hierarchy of Eq.(2.18) from a stationary condition of Eq.(2.17), a condition 



1^2! < ^ \('h)\ should be needed, which is automatically satisfied under the condition of |to^2| < \l^{S)\ 
^ Here we assume the VEVs for real. Case of complex VEVs can be analyzed similarly. 



respectively. Let us show conditions for the desirable vacuum, hy <^ h <^ s. The hierarchy 

(2.11) 



of VEVs reduces Eq.(2.8) to 



which means 



2M'^s - Q\s^ + AXss^ 
M' 



0, 



V^ 



(2.12) 



1^. The value of 5 is small of order 10°'^ MeV as a 



where M' = 5 + a/APT^ and 5 = 

scale of soft breaking of the lepton number symmetry, which should be the same scale as /i as 

shown later. 



As for Eq.(2.9), the hierarchy of VEVs reduces the stationary condition as 
When 



0. 



we can neglect fish^-term, and VEV of the SM-like Higgs becomes 

m' 



where positive parameter m' is defined as 



m 



/2 



\ 2 2 

—ahs — m . 



(2.13) 
(2.14) 

(2.15) 
(2.16) 



In the SM, m^ must be negative for so-called wine-bottle-type potential. However, this model 
does not require negative mass squared of m^ < 0, since the effective negative mass squared of 
m'^(= —Xrs^ — rn?) > can be achieved with a negative A^. The negative A^ does not break 
potential conditions of bounded below, as long as the value of \Xh\ is smaller than values of 
other four-point couplings. As, as shown in Appendix A. So, one option is to take Ai ~ 1 and 
Xh ~ -0.01 which induces m'^ ~ 0(100^) GeV^, and then the suitable scale of (H) ~ 100 



GeV is realized through Eq.(2.18) and (S) ~ 1 TeV. 



Finally, the third stationary condition of Eq.(2.10) with the VEV-hierarchy becomes 

- 2/is/i + 2A^>^s^ - 2m?2^ = 0. (2.17) 

Considering enough small Za-symmetry breaking mass mi2J2]we obtain the VEV of H^, as 



^This is the condition already shown in the second previous footnote. 



(2.18) 



When we take /i ~ 10 MeV, the desirable magnitude of VEVs in Eq.(2.3) are reproduced, 



which is consistent with Eq.(2.14). Since /i is soft breaking mass of the lepton number sym- 
metry, its smallness is guaranteed against from radiative corrections. Anyhow, notice that the 
small magnitude of three-point mass parameter, /i, plays a crucial role for generating suitable 
magnitude of neutrino masses. 

2.2 Higgs mass spectra 

In a previous subsection, we can obtain tiny VEV of extra Higgs doublet which is suitable for 
the magnitude of neutrino masses through the seesaw mechanism. This is a nice feature, but 
do any light physical Higgs particles appear due to the tiny VEV? Here, in this subsection, 
we estimate mass spectra of physical Higgs bosons. 
Denoting 



S = s + ReS + ilraS. 



h + Rei/o + ilrnH^ \ rj _ ( K + Reif ° + ilmHl 



H=[ „: y i/„=^ "' ^^j' ' ). (2.19) 

a component of Higgs mass matrix is given by 

where Vi means s, h, hy. Here, the Higgs sector does not have CP violation, so that 6x6 
neutral Higgs mass matrix is given by 

M^_=( ^h- ,° 1, f2.211 

with 



""'''' \ Ml,, 



-3As + 4A5s2 + ^ -2XHhs-K^i 2Xh,Ks - hfi 

^even= { -2\Hhs - K^i 2Ai/i2 + (mfg + s/^) X 2\:ihK + IX^hK - ml^ - s ^i 

2\H^hi,s — hjjL 2\^hhi, + 2\4^hhy — m\2 — s^ 2\2h^ + (^2 + ^t^)hr 



hfl — 17112 — S^ (^-12 + ^/^)] 



For the CP even sector, three physical (mass eigenstates) Higgs scalars are denoted as 

C1C2 S1C2 S2 

-S1C3 + C1S2S3 C1C3 + S1S2S3 -C2S3 I I Re H I , (2.22) 

-S1S3 - C1S2C3 C1S3 - S1S2C3 C2C3 





where q = cosaj, Sj = sinaj with 



^ _ 2\Hsh ^ _ 2XH^sh„-tih _ 2(A3+A4)/i/i^-m?„-/iS /r, qqN 

ttl — 2 2~ tl2 — 2 2 Lt3 — 2 2 • IZ.ZOl 

mir — mr mi, —mi, '-' mi, — "tl ^ ' 

The scalar masses are given by 

mj,^ = M^ + 2\ss^ ml^ = 2\^h\ mj,^ = (ml, + fis) ^ . (2.24) 

Under the condition of h^, ^C /i ^ s, we know that SM-hke Higgs, Hq, is composed mainly 
of H and small components of ai{h/s)S + a2{hy/h)Hu, where a^s are order one coefficients. 
Similarly, Hq is composed of ~ Hy + a^{hij/h)H + aiih^/ s)S and Hs is composed of ~ 
Hs + a^{h/s)H + aQ{hy/s)Hi,. 

Next, CP odd Higgs sector has two Higgs pseudo-scalar, and one would-be NG boson which 
is absorbed into Z-boson. Two (mass eigenstates) pseudo-scalars and would-be NG boson are 
denoted as 

4 





4 -44 I I ImiJ I (2.25) 

-S2C3 +S3 

where 4 = cos/3i, s[ = sin /3i. Mixing angles are given by 

'^-^^= ';:vStt ' tan/33 =^, (2.26) 

where ^ = ?,^i = ^r,2 = ^ e' = ^,Vi = ^4 = t^,l> = ^^^4g^ - 1^/^,?^ = 



(p + a/p^ + /^^ + /i^)^ + /i^ + /i^, g'^ = (p — a/p^ + /^^ + hiy + h^ + hi . Under the condition 
of hij <^ h <^ s, two pseudo-Higgs bosons are given by 

A5~Im^, Ao^lmH^, (2.27) 

which means Aq (As) is composed mainly of Hi, (S). These masses are given by 

h 
m% = 9As, m%^ = {m\^ + ^s) — . (2.28) 

They are proportional to the soft breaking mass parameters, A and /i, since they are NG bosons 
of global U{1) symmetries. It should be noticed that Aq has the same as Hq. Supposing A = 
and m^2 — 0; Lagrangian has an accidental global symmetry, 

H^e-'^'H, H^^e'^'H„, S ^ e-'^^^S. (2.29) 



Then massless NG boson appears after the symmetry breaking caused by VEVs of Higgs fields. 
Similarly, when /x = and m^2 = Oj there exists a global symmetry, 

H -^ e'^^H, H,, -^ e-'^^H„, (2.30) 
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which induces a massless NG boson after the symmetry breaking. These mass parameters 
A and /i also break lepton number symmetry, so that the pseudo-scalars can be regarded as 
so-called "Majoron". But they are heavier than the SM-like Higgs as long as A > (9(10) GeV. 
As for the charged Higgs sector, would-be NG boson, x"*", and physical state, /i^, are given 
by 

X+ = cos 133H+ ~ sin /33H+ , h+ = sin /33H+ + cos /3sH+ . (2.31) 

The charged Higgs mass is given by 



m 



2 _ \ /!,2 I h2\ I 2{ml^+fj.s) 



,.--Uh^ + hl) + '-^^^ip. (2.32) 

Note that the second term is almost same as the masses of Hq and Aq due to h/hy 3> 1, and 
the mass difference between m^± and rn\^, m\^ is just a weak scale squared from the first 
term. Charged Higgs plays crucial roles of phenomenology, such as lepton flavor violating 
processes. We show some phenomenology induced from the charged Higgs boson in the next 
section. 

Before ending of this section, we comment on limits of h/ s — )■ and h^/h — )■ 0. In the 
limits, the SM-like Higgs is just H and its physical state is physical neutral Higgs, /iq, and an 
imaginary part and charged components are absorbed by Z and W^ . As for a singlet Higgs, 
S, and an extra doublet Higgs, Hy, they are origins of other physical Higgs particles, Hs, As, 
and iJo,^o,^^, respectively. Notice that these approximations are justified up to ratios of 
VEVs. 

3 Phenomenology 

This section is devoted to some phenomenology of our model. We show decay of Higgs bosons, 
lepton flavor violation process, p parameter, neutrinoless double beta decay, and so on. 



3.1 Decay of charged-Higgs boson 



Since the charged Higgs mass is given by Eq.(2.32), it becomes smaller or larger than masses 



of ifo, ^0 depending on a sign of A4. There is also a possibility that the charged Higgs mass is 
smaller or larger than masses of right-handed neutrinos. Thus, a dominant process of charged 
Higgs decay depends on the mass spectra of them. We will show four cases according to 
mh± < niHo^Ao or mh± > ttih^Ao and mh± < nij^ or mh± > m^, as follows. A important point 
is that the decay of charged Higgs to quarks and charged leptons are strongly suppressed due 
to the absence of direct couplings among them, which is one of the different points from the 
usual two Higgs double models. 



3.1.1 mh± < rriHoAo^ ^n 

At first, let us show the case of mh± < niHo^Ao, f^N- In this case, only possible charged Higgs 



decay modes are to quarks and charged leptons through the Yukawa interactions of Eq.(2.2). 
Since the charged Higgs is mainly composed by H^, its coupling with quarks and charged 
leptons are always suppressed by ~ hy/h. Thus, this case tends to induce long life time of 
charged Higgs comparing to cases of other mass spectra. The effective Yukawa interactions 
between h^ and quarks and charged leptons are given by 

Lyukawa = {yfjh-^UL.dji^ + y'ljh'' (IlMr^ + yljh^^UilR^ ) sin (3^ + yf-h^lL^Nj cos /^a (3.33) 

Then, the total decay width is given by 



tot 



r(/i+ ^ ul1r\ + r(/i+ ^ dLMR^ + v{h+ -^ uJr.) 



E 



^sin^/33(|4.r + |y,:;r + ^|,^r). (3.34) 

It means the charged Higgs almost decays to right-handed top and left-handed bottom quarks 
due to the large Yukawa coupling. Using sin/^a ~ h^/h, the life time of charged Higgs is given 

by 

T{h^) ~ IQ-^^s. (3.35) 

It means the charged Higgs propagates a very short distance which can not be detected in the 
detector of collider experiments. 

3.1.2 niN < mh± < mnoAo 

Next, we show the case of rriN < rnh± < mu^^Ao- In this case, the charged Higgs can decay to 
(left-handed) charged leptons and right-handed neutrinos through the Yukawa interaction of 



y^LHyN in Eq.(3.33), which has no suppression factor because of cos/Ss ~ 1. Then, the decay 
width is given by 

r(.^^A',<,)^lJ|..^r(l-:J). (3.36) 

Remind that in the usual two Higgs doublet model, the charged Higgs mainly decay to the 
heavy quarks. While, in our model with this mass spectrum, the charged Higgs mainly decays 
to charged leptons and right-handed neutrinos. When the right-handed neutrinos are miss- 
ing in the collider experiments, this is a single charged lepton event with missing transverse 
momentum, which can be clearly detected in the detector. Especially, the case that y^ of the 
first and second generations are larger than that of the third generation is interesting, which 
induces electron and muon events in collider experiments, and they can be clearly detected. 

8 



This situation can be consistent with any neutrino mass hierarchies through the seesaw mech- 
anism with a suitable mass hierarchy of right-handed neutrinos. Notice that this situation can 
not be reahzed in case of Dirac neutrino scenario [9l El [71 18]. 

3.1.3 mHo,Ao < ^h± < rriN 

Next is devoted to the case of mHo,Ao < "iT^h^ < ^^n- The dominant charged Higgs decay mode 
is h^ — )■ W^Hq, Aq through the gauge interaction. The decay width is given by 

T{h^^W^Ho,Ao) ^ #^(l-^^)', (3.37) 

where g2 is the gauge couphng of weak interaction. Notice that the decay processes to quarks 
and charged leptons are strongly suppressed due to the suppression factor, sin /^s ~ hy/h, as 



Eq.(3.34). This is one of the different points from the usual two Higgs double models where 



the main decay mode is heavy quarks. 

3.1.4 mh± > ruHoAo^ ^n 

Finally, let us show the case of m/^i > niH^^Ao^ ^^n- In this case, the charged Higgs /i"*" can 
decay both to W~^Ho, Aq and Nil^.. They have no suppression factor from h^/h, so that each 
decay width is given by 

T{h^ ^ W^H.^A,) ^ $^{l - ^^)', (3.38) 



r„^^^,,).|^|,j,r(:-;m). ,3,9, 

The dominant decay mode depends on the magnitude of \y'^\ and degeneracy factor of m^ and 
TTT'HoAoy ^^N- Thus, the main mode can not be determined until a concrete mass spectrum 
is fixed. One interesting example is a case of mh± > ttihoAo > ^^n- Taking y'' ~ 1 for the 
heaviest neutrino and degenerate right-handed Majorana masses, and also considering mass 
hierarchy of active neutrinos, inverted (normal) hierarchy, IH (NH), induces single left-handed 
muon (tau) event with missing transverse momentum as a dominant decay modej 

3.2 p parameter 

Next, let us estimate charged Higgs contribution to p parameter, which is almost same as 
usual two Higgs doublet models [lO] due to the small mixings between the singlet Higgs S and 



Notice that this is quite different point from the usual two Higgs doublet models. 



Higgs doublets H, H,j. It is estimated as 

1 



5p = V2Gf 



(47r)2 



-4-/3 [^A(m^o' "^Ao) - ^a("^Ho' ^h 



where Ca-i3 = cos(a3 — /Ss), Sa-i3 = sin(a3 — /Ss), and 

FAix,y) = -(x + y) In-. 

2 x-y y 



(3.40) 



(3.41) 



The as represents (almost) mixing angle between ho and Hq, and ho is almost SM-like 
Higgs since Ca-/3 — 1- The mass spectrum shows /i^ and Aq are degenerate in TeV-scale 



as 



h+ Aq 



h + 



h^ 



h + 



0.01. Thus, 6p is estimated as 



5p 



2V2G1 



2HDM 



■FA{ml^,mU) 



V2Gf A4 h^ 



(47r)2 ^^■■"^°"-'*^^-3(47r)2m/,+ 
which means the correction to p parameter is negligible in our model. 
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-7 



(3.42) 



3.3 Decay of ho 

Here we show a decay of SM-like Higgs /iq, which has tiny coupling with neutrinos due to the 
small mixing ~ sin 03. In our setup, Higgs mass spectrum is given by m/j,, < 2mh+^HoAo,Hs,As^ 
so that the SM-hke Higgs /iq decay to quarks and charged leptons through the usual Yukawa 



interactions |2j And the main mode is of cause top and bottom quarks due to the large Yukawa 
coupling. 

As for a process of ho — )■ 77, which has tiny background, the decay width is modified due 
to the charged Higgs loop contribution, which is given by 



r(/.o^77) = r^^^(/.o-^77)[i-A35(^°^)Y, 



Mh+ 



0.997 X r^'>'(/io->77). 



(3.43) 



** We comment on the case of mh„ > '^'mh+ ,Ho.Ao.Hs-Asi which is possible by changing the hierarchy of 
VEVs ahhough it is out of our aim. Anyway, in this case, decay channels of h^ —> h^h^ , 2Ho, 2Ao, 2Hs, 2As 
open through the mixings among three Higgs fields, {H, H,^, S). Their decay widths are given by 



r(/io -^ h+h-) 



>4'mh„ 



'1- 



4m 



h± 



167rAi 

Tiho ^ HoHo) = T{ho ^ AoAo) 
respectively. 



■ho 



riho^HsHs,As,As)^%^Jl-'-^ 

327rAi V ™L 



(A3 + Xi)^mho '^^Ho,Ao 

327rAi V ml 
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Where 5 = 0.16 for 1 TeV charged HiggsfT]. Thus, in our model with TeV-scale mass of the 
charged Higgs, the modification of ho — )■ 77 is tiny, less than C(l) %. 



3.4 Lepton flavor violation &; anomalous magnetic moment 

Let us estimate lepton flavor violating process induced from charged Higgs boson 1-loop dia- 



grams. Remind that Yukawa interactions of neutrinos in Eq.(2.2) are given by 

1 

-'1 
2' 

Here we assume 



-y^.SN^N, + y^,Ni(u,H^ - 1,lH+) + h.c. 



% 



N 



Mm 
{S) ''' 



(3.44) 



(3.45) 



for simplicity. Mm is a mass parameter of order TeV-scale. Then, the mass matrix of the light 

neutrinos become 

hi 



M, 



M 



M 



E 






(3.46) 



Noting Uy'^y^'^U'^ = diag.(4y5'^, 47/2^,42/3^) where U is the MNS matrix, Yukawa coupling 
Vij = 2y'i;6ikiU'^)kj is given by 



j.{V3-s)y!^ -j.{V3 + s)y 



cy^2 



2sy. 



\f^cy. 



\f^cy. 



(3.47) 



/ 



Where we note s = sin 6*13, c = cos ^13, and take 612 = 7r/6, 6^23 = vr/4. 
A branching ration of k — )■ Ij'j to k — )■ Iji^it^j is given by|13j 

,, ,, n 2 



R{li -^ Ij-i) 



1927r^a 



E 



VkuVku ml 



48(47r)2m2 



(3.48) 



where a is the fine structure constant a = e^/An and rrii- is the i-th generation charged lepton 
mass. For example, by using Br{^ — )■ eui?) ~ 1, the branching ration /x — >■ 67 is given by 



Br{fi — 7- e-y) 



aMl 



983047rG2,m^+/i4 



cos^ ^(73577112 + sin ^(35ml2 + 45m23))^ (3.49) 



ttq; 



?,MGl \ml+ 



a,. 



2cos2^ 



mf 



(y3(5mi2 + sine(3(5mi2 + 4(5m23))^ (3.50) 



yt. 



where a^^ = ^, 9 = ^13, m,y. is the lightest neutrino mass (which means m,y = m^-^ in the NH 



and rrii, = m^^ in the IH as will be shown in Eqs.(3.53) and (3.54)), and 



Srriij = rrij — rrii 



Am^j = rrij — m^ . 



(3.51) 
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Generation dependence of neutrino mass, rrii, depends on neutrino mass hierarchy, NH or IH. 
By using neutrino oscillation experimental data[T], 

Ami - '^•6 X 10"^ eV^ Am^^^ ~ 2.4 x 10"^ eV^ (3.52) 

and the lightest neutrino mass, m,^., NH shows 



mi = niiy, 1712 = \/ml + AuIq, "^3 = y "^^ + Am| + Am^^^, (3.53) 

and IH shows 



^1 = y^l - Am| + Amlt^, ma = yml + Am^^^, mg = m^, (3.54) 

respectively. In case of degenerate neutrino masses, both NH and IH become 

5r(/i^e7) ^ ^^^(^)'^(v^Am?, + sin0(3Am?, + 4Amy)^ (3.55) 

It means the branching ratio decreases as m~^ in the degenerate hierarchy region which can 
be shown in Figures 2. 

As for processes of r — > yU7 and r — )■ e'j, they are given by 

G^m^ I ^:-^ 48(47r)2 m2+ ^ ^ 



G^m^ I ^^ 48(47r)2 m 



h+ 



where 



^VkrVkf, = j^y{Smi2-4:Sm23) -sm'^9{3Smi2 + 4:Sm23)j, (3.58) 



E^^ft". = -^'^^|^(*mi2-sm»(3«m,2 + 4ftn23)). (3.59) 

Thus, branching ratios are calculated as 

3072G^ Vm^+y V mf,_ J 



TIOL t OL \ "^ COS / 9 

Br{T ^ e-f) = Brij ^ euu) \~^) ^(v3(5mi2 - sin6'(35mi2 + 4(5m23)) 

^Sr(r^ez/z7)^^^(^)'^(^/3Am?2 + sin0(3Am?2 + 4Amy)^ (3.61) 
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respectively. Where the second hne in each equation is degenerate neutrino mass hmit, and we 
use Br{T — > ^ui?) ~ 0.17 and Br{T — )■ eui?) ^ 0.18[ll] in the following numerical calculations. 
Figures 1 show 9 dependence of branching ratios of /i — )■ 67 (red line), r — )■ 67 (blue 
line), and r — )■ /i7 (green line) with a,^ = 1/4:71, my = 0.1 eV, and m/j+ = 1 TeV. Dashed 
lines correspond to experimental bound p^ [16] . NH (IH) has decreasing point at 6' ~ 0.014 
{9 ~ 0.013) in Br{T — t- 67) {Br{fi — )■ 67)), which can be understood from a cancellation in 



Eg. ([Mil (Eq.([335|)). 

Figures 2 are the lightest mass rrii, dependence of branching ratios of /i — )■ 67, r — )• 67, 
and T ^ fi'-f with a^ = 1/Att and 171^+ = 1 TeV. Red line shows 6 = 0, green line 6 = 0.001, 
blue line 6 = 0.01, and purple line 6 = 0.1. Dashed line corresponds to each experimental 



bound. The decreasing point in IH is also calculated from a cancellation in Eq.(3.55). When 
we take 6 = 0.013 in Br{iJ, — )■ 67) with IH, a decreasing point emerges at m,y ^ 0.1 eV, which 
is consistent with Figures 1. 

Figures 1 and 2 show that a wide parameter region can be reached by the MEG experiment 
which has a sensitivity of order 10~^^[T7]. 



Normal Hierarchy 



Inverted Hierarchy 




Figure 1: 9 dependence of branching ratios of /x — >• 67 (red line), r — )■ 67 (blue line), and 
T ^ fij (green line) with a^, = l/iir, m^ = 0.1 eV, and mfi+ = 1 TeV. Dashed lines correspond 
to experimental bound. 



Here, let us consider a possibility that our model can generate enough large muon anoma- 
lous magnetic moment which is measured in experiments |18] as 



Aa^ = (25.5 ±8.0) x 10 



-10 



(3.62) 
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Briti ^ey) 



Normal Hierarchy 



Inverted Hierarchy 




0.02 0.04 



Normal Hierarchy 



Inverted Hierarchy 



Br (t ^ cy) 




0.02 0.04 



Normal Hierarchy 



Inveted Hierarchy 



Br(T^//y) 




Figure 2: The lightest mass m^ dependence of branching ratios of /z — )■ ej, r -^ ej, and 
T ^ fij with ctj, = 1/4:71 and mh+ = 1 TeV. Red hne shows 9 = 0, green hne 9 = 0.001, blue 
line 9 = 0.01, and purple line ^ = 0.1. Dashed line corresponds to each experimental bound. 
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Assuming \mh±\ ^ |Mjvf|, the muon anomalous magnetic moment is given by|13j 

Y- iVit,? ^l (^uml (l + v^sin^i3)2mi + (y3-sinei3)2m2 + 4cos2^i3m3 



Aa 



O-vTri mi + 3?Ti2 + 4m3 
967rm^+ rriv 



h+ 



m. 



(3.63) 



where we use 6^12 = vr/G, 6*23 = 7r/4 (^13 = 0) in the first (second) hne. Unfortunately, the sign 



is opposite from Eq.(3.62), so that our model can not induce the deviation. This situation 



might be changed in the supersymmetric extension |1 9]. 

3.5 Majorana nature of neutrinos 

An idea of the model we suggested is similar to the model[9l O [7], but the biggest different 
point is that light active neutrinos are Majorana particles in our model. Are there experimental 
predictions of Majorana natures for these active neutrinos? 

One is a neutrinoless double beta decay, which never occur in case of Dirac neutrinos. The 
phenomenological analyses in this paper used the neutrino oscillation data and < (9(0.1) eV 
absolute mass of neutrinos from cosmology [20]. By using them, prediction about neutrinoless 
double beta decay is obtained. Taking vanishing Majorana CP phases, for simplicity, it is 
given by (m^^) = | cos^ 9 + \m2 cos^ 6 + m^ sin^ 6 by using 6*12 = vr/6, ^23 = 7r/4. When we 
take the lightest mass as 0.1 eV (0.01 eV, 0.001 eV), NH shows {nipp) = 0.10 eV (0.011 eV, 
0.0030 eV), and IH {mpp) = 0.11 eV (0.049 eV, 0.048 eV), respectively0 It is consistent with 
today's experimental bound, {m^p) < 0.1 eV[Tl]. 

Anyhow, above results are obtained from the current neutrino oscillation data, and they are 
not specific predictions from our model, TeV-scale seesaw from multi-Higgs model. Are there 
any direct evidences in collider experiments of our model? One of the important motivations 
for our model is detective new physics at TeV-scale, and it is the reason why we set TeV-scale 
for right-handed neutrinos. 

In a high energy collider experiments, there is a chance of direct production of right-handed 
neutrinos. For example, in a linear collider, there are T-channel processes of charged Higgs 
exchange e"^e^ — )■ 2N, e~^e~ — )■ 2N'y, and so on. The first is missing event, and the latter 
is a single photon event which can be detected clearly. The decay channels of A^ are also 
interesting, since it can produce (S'-originated) singlet scalars with lepton number. We will 
show detailed analyses in the next paper [19j. 



^^^ Even if we take into account of finite Majorana phases, the magnitude does not increase. 
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4 Summary and discussions 

We have proposed a simple model for Majorana neutrino case, which is a renormalizable model 
with minimal extension of the SM which appears entirely below the TeV-scale. Tiny Majorana 
neutrino masses are obtained through a TeV-scale type I seesaw mechanism without requiring 
tiny Yukawa couplings. This model contains extra one Higgs singlet, and one Higgs doublet 
with a tiny VEV. As for extending a Higgs sector, there are constraints in general, which are 
consistency of electroweak precision data and absence of large FCNCs. In our model, both 
two constraints are satisfied since the extra doublet only has a Yukawa interaction with lepton 
doublets and right-handed neutrinos, and their masses are heavy enough to suppress FCNCs 
although its VEV is of order 0.1 eV. The extra Higgs doublet yields a neutral scalar and a 
neutral pseudo-scalar, and a charged Higgs particles, which can provide collider signatures. 
This charged Higgs can contribute to the lepton flavor violating processes. The extra singlet 
produces TeV-scale Majorana masses of right-handed neutrinos, and yields a neutral scalar 
and a neutral pseudo-scalar with a lepton number. Other phenomenology have also been 
represented such as the charged Higgs decay processes depending on the particle mass spec- 
tra. Notice that the decay of the charged Higgs to quarks and charged leptons are strongly 
suppressed due to absence of direct interactions among them, which is one of different points 
from usual two Higgs double models. Since active light neutrinos are Majorana particles, this 
model predicts a neutrinoless double beta decay. 

Finally, we give a comment. The supersymmetric extension can be also achieved by in- 
troducing small magnitude of A-terms, which is expected to be induced some supersymmetry 
breaking scenarios. However, for the suitable gauge coupling unification we should introduce 
extra colored Higgs particles. In this case, we should introduce baryon number symmetry to 
avoid rapid proton decay. 
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A Conditions of bonded below potential 

We show conditions of Higgs potential to be bonded below. To obtain the conditions, we do 
not need to take into account mass terms and three-point interactions of Higgs fields. Thus, 
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(A.64) 



we must only take the following interactions, 

It is rewritten as 

V ~ \{X,h' + X^K) + \{X,h' + X,s') + ]^{X,hl + Xss') + (A3 + X,)hX + Ah/^'s' + XhXs\ 



V 

,2 



> (v^A^A; + A3 + X:)hX + (v/A^A: + A^)/i2s2 + (v^AA + A^J/i^ 
where we use bonded below for each field's direction, 

Ai > 0, A2 > 0, A, > 0. (A.66) 

Then, a necessary and sufficient condition of bounded below potential is that all coefficients 



(A.65) 



in (A.65) are real and positive, which are given by 

V A1A2 > -A3 - A4, V AiAs > Xh, V A2AS > Xh^. 



(A.67) 



Therefore, the condition of bounded below is given by Eqs.(A.66) and (A.67). 



B Higgs interactions 



Here, we summarize Higgs interactions below the energy scale of Higgs VEVs with an assump- 
tion of CP invariance in the Higgs sector. We denote scalars, pseudo-scalars, and charged Higgs 
as 




Ki 



■ 3-points interactions of Rih^h : 
Interactions are given by 



P, 




(B.68) 



((2Ah,.s cos^ (33- fi sin 2/33 - 2Ahs sin^ /^s) V^ + (2A3/1 cos^ +X4K sin 2/33 + 2Ai/i sin^ /33) V2i 



+ (2A2/i^ cos^ /33 + X^h sin 2/33 + "^XsK sin^ f33)V3i)Rih+h- 



(B.69) 



where Vij is a mixing matrix defined in Eqs.(2.22) and (2.23) 
• 4-points interactions oi RiRjh^h^ and PiPjh^h^: 
They are given by 



J2iV^)imOmnVnjR^RJh+h- + ^(y't)^^0„„K,P,P,/l+/l- 



(B.70) 
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where 

\h. cos^ (5^ - \h sin^ /^g 

Omn=\ A3 cos2 /Jg + Ai siii^ /Jg ^ siii 2^^ |(B.71) 



^ sin 2/33 As cos^ /Jg + A3 sin^ /3; 



and y is a mixing matrix for imaginary part defined in Eqs.(2.25) and (2.26). 
■ 4-points interactions of h^h^h^h^: 
They are give by 

(-Ai sin^ /33 + -A2 cos^ (3^ + (A3 + A4) cos^ (5^ sin^ (5^) h+h'h+h-. (B.72) 

• 3-points interactions of neutral Higgs: 

They are given by 

X] Ti^nVu{V^),^VnkRiRjRk + Y. TLnVu{V'^),mVUR.PjPk, (B.73) 

l,m,n l,m,n 

where Ti^n is a symmetric tensor as follows 

^111 = — 2A + 4:Xss, T112 = —T^Xnh, T113 = ^Xu^hy, T122 = —^Xhs, T123 = — |, 
^133 = 3A5S, T222 = 2Xih, T223 = 3 (A3 + Xi)hy, T233 = 3 (A3 + X/^h, T333 = 2X2hy, 

with 

6A + AXss 

TiV = I -2Xhs -/i 

-fi 2Xh,s 

-2XHh n 

%k = I 2Ai/i 

/i 2{X^ + Xi)h 

2Xh,K -/U 

%, = I -/i 2(A3 + X^)K 
2A2/i^ 

• 4-points interactions of neutral Higgs: 

They are given by 

E X^^,,{Vl){Vl)VskVuR^R,RkRl + Yl X'^nst{vL){V';:^VstVliR,P,RkPi 

m,n,s,t m,n,s,t 

+ Y Xmnst{v:^Mv;i)v:,v:fip,PkPi. (b.74) 



m,,n,s,t 
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where Xim — A5, Xo-(ii22) — -^i -^(t(1133) — ~f^) -^2222 — 2-^1' ^o-{2233) — 6(-^3 + -^4)5 

-^3333 =2-^2, 

/ 2A5 \ / -\h 

X[^st = -A^ , X^2,, = Ai 

V A^„ / V ^3 + A4 

/Ah. 

X^3^4 = A3 + A4 I , others = 0. 
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